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ABSTRACT 
Viscoelastic Toughening of Refractory Ceramics 
Edem Akpan 
Dr. Yury Gogotsi 
Dr. Wolé Soboyejo 
 
 
 
This dissertation represents the results of an experimental study of the effects of 
Na2O and CaO on the microstructure, flexural strength, fracture toughness and thermal 
shock resistance of aluminosilicate refractory ceramics.  The addition of 4-6 wt% of 
Na2O is shown to alter the microstructure and also improve the thermal shock resistance, 
which is characterized by the number of cold shock cycles to failure.  The 
photomicrographs obtained using the scanning electron microscope, SEM, and the 
elemental maps obtained using the energy dispersive X-ray spectroscopy, EDS, show that 
the addition of Na2O decreases the formation of mullite as the level of Na2O  is 
increased.  Also, the formation of tiny needles/laths is seen as the level of Na2O is raised.  
The volume of the needle-like crystals is much more pronounced in the batch of materials 
doped with 5wt.%Na2O and 6wt.%Na2O. 
 
The apparent porosity of the batch of material doped with 4wt.%Na2O + 
0.5wt.%CaO was 20%, and that of the as-received material was 30%, while that of the 
batch of material doped with 6wt.% of Na2O was 23%.  The doping with Na2O changes 
the viscosity-temperature characteristics and the glass transition temperatures in ways that 
enhance the crack-tip shielding due to viscoelastic bridging, which is modeled using 
fracture mechanics concepts.  Following an initial microstructural characterization, basic 
mechanical properties determination, and thermal shock experimentation, a fracture 
 xiv
mechanics framework is utilized to determine the crack driving force which is pertinent 
to the characterization of toughness of the refractory ceramics material.  It is shown that 
the batch of the material doped with 4wt.%Na2O + 0.5wt.%CaO provides the optimum 
crack-tip shielding, improved flexural strength, and enhanced crack growth resistance. 
The improved thermal shock resistance is attributed to the shielding effects of viscoelastic 
crack bridging by glassy phase between mullite platelets.    
 
Actually, the number of cycles to failure was seen to marginally decrease at the 
temperature range 1200 oC to 1350oC for the material doped with 4wt.%Na2O + 
0.5wt.%CaO, compared to the temperatures, where the number of cycles to failure 
rapidly declined.  It is, therefore, believed that the slight decrease in the number of cycles 
to failure in the temperature range from 1200 oC to 1350oC is attributed to the fact that 
shielding due to the bridging forces is active at these temperatures.  Similar toughening 
characteristics were observed for the materials with different compositions, except that 
improvement was the greatest for the material doped with 4wt.%Na2O + 0.5wt.%CaO.  A 
similar improvement in the fracture toughness for the batch of material doped with 
4wt.%Na2O + 0.5wt.%CaO was observed.  The fracture toughness for this material was 
1.6±0.02 MPa √m, compared to 1.17±0.02 MPa √m for the as-received material and 
1.1±0.02 MPa √m for the material doped with 6wt.% Na2O.  A similar trend was 
observed in the flexural strength measurement.  The specimen doped with 4wt.%Na2O + 
0.5wt.%CaO has a relatively higher flexural strength at room temperature compared to 
the as-received and those doped with 6wt.%Na2O.  
 
 xv
Finally, in order to further improve the thermal shock resistance of the refractory 
ceramics, it is recommended that a hot isostatic pressing (HIP) technique be employed so 
that the need of additives during processing can be eliminated and the apparent porosity 
can significantly be reduced or eliminated.  Isostatic pressing can also reduce the 
sintering temperature and holding time which therefore translates into reduced material 
processing cost.  This processing technique is only feasible for the production of items 
such as electronic components, and hence is not recommended for use in processing of 
refractory bricks due to the high cost of HIP.  It is further recommended that different 
chemistry that can change the temperature – viscosity characteristics of the viscous phase 
need to be pursued.  A self-consistent solution should be adopted to account for the crack 
opening profile without resorting to the assumption of a crack opening profile which may 
not give an accurate account of actual crack path phenomenon.  
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CHAPTER 1. INTRODUCTION 
 
 
1.1. Motivation 
 
Refractory ceramics are used extensively in the lining of furnaces in the global 
trillion dollar metal melting industry [1].  In particular, the materials mostly used in the 
metal melting industries belong to the alumino-silicate (Al2O3.SiO2) family, which 
comprises Sillimanite, Kyanite, and Andalusite [2], because of their high thermal shock 
resistance.  The three minerals are chemically identical [2] when present in their pure 
state, but their crystal habits are significantly different.  Attention is given mainly to 
Sillmax (product name from the supplier of the starting powder – Corus) as this is the 
starting powder used in the preparation of samples employed in the current study.  Upon 
heating Sillimanite to a high temperature, mullite (3Al2O3.2SiO2) and cristobalite (SiO2) 
are formed. The decomposition temperature of Sillimanite is known to be ~ 1550oC [2].    
 
During each liquid metal pouring cycle, thermal shock damage occurs by 
progressive cracking [3, 4].  This is driven largely by transient thermal stresses, which 
reach levels that are sufficient for the growth of cracks or voids that are present within the 
highly complex microstructures in refractory ceramics.  Ultimately, such crack 
growth/damage results in brick failure, and the need to stop production for the re-lining of 
furnace walls.  Since this may require days or weeks to complete, it results in millions of 
dollars in lost income due to down-time. 
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The ubiquitous nature of thermal shock damage has stimulated extensive research since 
the 1950’s and 1960’s.  Norton [5] was the first researcher to recognize the problem of 
the fracture of refractory brick, which he termed spalling. The stresses set up in ceramic 
bodies when they are either suddenly cooled or heated (at the same temperature jump) are 
similar in magnitude but differ in sign.  When the material experiences heating, the part 
in contact with the heat expands and the part still cold acts to prevent expansion of the 
heated part and hence results in shear failure due to compressive stresses developed in the 
hot portion of the material [5].   When the material is suddenly cooled, the part of the 
material at the lower temperature tends to contract while the part still hot has a propensity 
to prevent the contraction and thus the material develops tensile stresses at the cooler 
region, and since the shearing strength of a brittle material is usually significantly greater 
than its tensile counterpart, the brick will fail in tension [5].  The pioneering work of 
Hasselman and co-workers [6-7] provided some continuum approaches for the 
management of thermal shock.  In particular, the thermal shock resistance was related to 
the critical temperature range required to cause a drop in the residual strength of the 
ceramic after thermal shock.  Following the earlier work of Kingery [8], Hasselman [6-7], 
proposed some analytical expressions that related thermal/mechanical properties to 
thermal shock resistance. 
 
With the advent of fracture mechanics, Evans and Charles [9] explored the use of 
fracture mechanics in the characterization of thermal shock behavior.  These ideas were 
later developed by Swain and Lutz [10, 11] and other researchers [12-16], who reported 
resistance-curve (R-curve) behavior in high temperature ceramics subjected to thermal 
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shock.  Most recently, Lu and Fleck [17] have also used fracture mechanics and heat 
transfer concepts to obtain expressions for the analysis and design of thermal shock 
resistance. 
 
However, there have been relatively few studies of the use of toughening mechanisms 
in the design of thermal shock resistant materials.  This author is aware of two prior 
studies.  The first was by Tinklepaugh [18] in 1960.  This used ductile phase toughening 
to improve thermal shock resistance, well before the advent of fracture mechanics.  More 
recently, Soboyejo et al. [19] have shown that viscoelastic bridges can form during 
thermal shock-induced crack growth in an aluminosilicate refractory ceramic.  Such 
bridges can give rise to crack-tip shielding by viscoelastic bridging [19-21], when the 
relaxation times (in the bridges) are greater than the transient periods in which high 
thermal stresses are induced by thermal shock [19].  None of the above researchers have 
considered engineering of the aluminosilicate ceramic materials to induce toughening by 
viscoelastic bridges. 
 
In this research program, the results of a combined experimental and theoretical 
study of the effects of Na2O and CaO additions on the microstructure, fracture toughness 
and thermal shock behavior of aluminosilicate ceramics are presented.  The Na2O was 
added to vary the glass transition temperature and the viscosity-temperature 
characteristics [21] of the bridging ligaments (which is basically glassy).  The variation of 
viscosity with temperature of some commercial silicate glasses is shown in Figure 1.1 
[22].  CaO is largely believed to strengthen these ligaments [23].  The study shows that 
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when the aluminosilicate powder (composition shown in Table 1) is doped with 
4wt.%Na2O + 0.5wt.%CaO, near optimal toughening/thermal shock resistance is 
obtained for the concentration of additives that was investigated.  The resulting 
improvement in the brick lives is attributed to the toughening of the bricks by viscoelastic 
bridges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 0.1Viscosity of Commercial Silicate Glasses (Adapted from Ref. 22). 
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1.2.  Overview of the Current Study 
 
 
This research effort is aimed at engineering the chemistry of the refractory 
ceramics, Sillimanite, with the goal to enhance its thermal shock resistance.  The 
principal achievements made during the course of this study are outlined below: 
  
(1) Investigated the appropriate amount of Na2O doping of the starting 
powder which resulted in the development of a viscous phase for the 
formation of viscous bridges that lowered the crack tip stress intensity 
factor.  After processing the starting powder, Sillmax, into a green 
body and sintering the brick was first subjected to standard 
ceramographic preparation.  This was followed by microstructural 
examination using both the optical microscope and the scanning 
electron microscope.  Four principal experiments were conducted:  
(1) Density measurements were conducted to determine the percent of 
apparent porosity.  (2) Cold thermal shock to determine both the 
initiation and failure lives.  (3) Room temperature 3-point flexural 
test, to determine the flexure strength, also called modulus of rupture 
(MOR), and (4) the critical stress intensity factor measurement were 
conducted.  The detailed description of the processing technique and 
experimental measurements is given in Chapter 3. 
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(2) Employed a micro-mechanical modeling technique to calculate the far 
field stress intensity factor and the stress intensity from the bridging 
contribution.  The experimental observations and the results from the 
modeling are presented in Chapter 4. 
 
(3) Made recommendations to further improve the toughness of the 
Sillmax material.  In this part of the work, a summary of the 
conclusions of the current work is provided.  In addition, suggestions 
for future work to further improve the toughness of the Sillmax will 
be made.  The summary and recommendations for future work 
effectively make up Chapter 5 and complete the report. 
 
The next chapter, Chapter 2, provides a general background and some relevant 
literature review of the current research program. 
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CHAPTER 2. BACKGROUND AND LITERATURE SURVEY 
 
 
Studies of the effects of thermal shock on the refractory ceramics and their 
toughening mechanisms have been conducted during the last six decades due to the 
importance of this material to the metal melting industries.  Problems associated with 
thermal shock in these industries represent a significant loss of income when production 
has to be interrupted to reline the furnaces with new bricks.  Various downstream 
industries such as manufacturing and construction companies depend on metal melting 
for the production of structural components for the construction of bridges, automobiles, 
ships, airplanes, and high-rises.  Because of the importance of refractory materials, ways 
of improving the resistance to thermal shock cracking/damage will be reviewed.  Instead 
of reviewing all aspects of aluminosilicate family of materials and toughening 
mechanisms that have been described in literatures, this chapter focuses mainly on 
background description of the material, Sillimanite, and reviews past research on thermal 
shock and toughening mechanisms which have a direct linkage to the scope of the present 
research program. 
2.1. Alumino – Silicate 
 
The system Al2O3 – SiO2 represented in the phase equilibrium diagram in Figure 
2.1 has one binary oxide component, mullite, which is considered to melt incongruently.  
Factors affecting the design and fabrication and use of a wide range of refractory 
ceramics bricks can be related to this diagram.  The eutectic between cristobalite and 
mullite occurred at 1587oC to form a liquid containing approximately 95 mole% SiO2.  
The solidus temperature between mullite and alumina is at 1828 oC.   
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The relevant material in the current investigation is the alumina - silica brick 
which has the chemical composition greater than 50 wt. % Al2O3 and ~ 40 wt. % SiO2.  
This material is principally utilized in the linings of the basic oxygen furnaces in the 
metal melting industries in which temperatures in excess of 1600oC are commonly 
employed.  At this temperature, a fraction of the brick is essentially in the liquid state.  If 
the raw materials are properly chosen and the impurities within the composition are 
eliminated the equilibrium phases present at the eutectic temperature of 1587 oC are 
mullite and silica as shown in Figure 2.1.  Figure 2.2 shows Mullite Crystals in Silica 
Matrix formed by heating Kaolinite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 2.1 Binary phase equilibrium diagram of the system Al2O3-SiO2 (Adapted from Ref. 1). 
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Figure 2.2 Mullite crystals in silica matrix formed by heating Kaolinite, magnification: 93,700X 
(Adapted from Ref. 1). 
 
 
 
2.2. Thermal Shock 
 
 
Hasselman (1963) [6] developed theoretical formulations which he used to 
correlate the effects of physical properties of material on the degree of damage due to the 
thermal shock of refractory ceramics.  A sphere subjected to thermal shock by heating 
was studied.  By equating the maximum thermal stress at fracture to the tensile strength 
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of the material, the total elastic energy stored at the instant of fracture of the material , W, 
is given as, 
E
StbW
7
)1(4 23 νπ −
= ,         (2.1) 
 
where b is the radius of a sphere, St is tensile strength, ν  is Poison’s ratio, and E 
is the elastic constant.  The distance the crack will propagate is a function of the number, 
N, of the cracks present in the body due to the assumptions that (1) at the instant of 
fracture all of the elastic energy stored is changed into the effective surface energy and 
(2) that when the crack is arrested the solid body will be free of stresses, and so the 
development so far will not be valid for conditions where the distance the crack 
propagates in the body is relatively short.   
To predict whether a crack initiation in the spherical body will propagate or 
whether it will be arrested, the mean area, A, over which the, N, numbers of cracks will 
propagate is given as, 
effEN
btSA
γ
νπ
7
)1(2 32 −
=          (2.2) 
where effγ  is the effective surface energy at the immediate vicinity of the crack tip.  The 
values of effγ  has been measured experimentally [24-28].    Catastrophic failure will 
occur when A is greater than the cross-sectional area of the sphere and the crack will be 
arrested when A is less than the cross-sectional area of the sphere.  From the above 
equation (Equation 2.2), the maximum thermal shock resistance is obtained by 
minimizing the magnitude of A.  This is only achieved with low values of strength and 
low values of Poison’s ratio, as well as with low values of the elastic constant and the 
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effective surface energy at fracture.  The presence of large number of cracks is 
recognized as another contributing factor for the lower degree of occurrences of damage 
in the solid body. 
The relative degree of damage of material having similar crack propagation properties 
such as the effective surface energies can be calculated using the following equation [8], 
)1(2 ν−
=′′′
St
ER          (2.3) 
 
 while for the material which have diverse crack propagation properties, the degree of 
damage can be compared using the equation given as [8], 
)1(2
''''
ν
γ
−
=
St
E
R eff          (2.4) 
 
Since in order to achieve low degree of damage the material properties (low 
strength, high elastic constant and Poison’s ratio) discussed earlier must be kept within an 
acceptable limit,  the optimum value of strength *St  before and after thermal shock is 
obtained from the expression given as, 
2
1
)1(2
7
2
1* 


−
=
b
NE
St eff
ν
γ
        (2.5) 
Comparisons of three materials using the forgoing theory are made, where the physical 
properties and the predicted and observed types of failure are shown in Table 2.1. 
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Table 2.1 Calculation of area traversed by propagating crack (A) and prediction of type of failure for 
spheres 2 in. in diameter fractured by thermal shock (Adapted from Ref. 6). 
General equation: 
effEN
btSA
γ
νπ
7
)1(2 32 −
=  
Condition of failure:  Calculated value of A greater than cross-sectional area of sphere 
(about 20 cm2) 
Material properties Porcelain Fireclay body Alumina reinforced by 
molybdenum fiber 
Tensile Strength (St) 91038.1 ×  71045.3 ×  9103.1 ×  
dyne cm-2(psi) (20,000) (500) (20,000) 
Young’s modulus (E) 121007.2 ×  111045.3 ×  121045.3 ×  
dyne cm-2(psi) ( 61030× ) 6105×  61050 ×  
Poison’s rate (ν ) 0.25 0.25 0.25 
Effective surface energy 
( effγ ) (ergs cm-2) 
 
3102×  
 
3102×  
 
810  
Calculated area traversed 
by 
Single crack (A) (cm)-2 
 
31005.1 ×  
 
4.0 
 
21022.1 −×  
Predicted type of failure Computed failure Crack arrested Crack arrested 
Observed type of failure Computed failure Crack arrested Crack arrested 
Correctly predicted Yes Yes Yes 
 
Hasselman (1963) [29] in his quest to develop a theory, which could be used to 
determine the maximum radiation temperature to which bodies of simple geometrical 
shapes could be subjected to without fracture, caused by thermal stress transient, 
developed a theoretical framework for the treatment of thermal shock by radiation 
heating.   Hasselman derived solutions for thermal stress for the sphere, infinite flat plat, 
and infinite cylinder at low initial temperature subjected to radiation from high 
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temperature enclosures.   First, he established a relation which showed that the solution of 
thermal shock of bodies at low initial temperature subjected to radiation heating could be 
treated as that which undergoes a constant heat flux.  The net heat flux, q of bodies 
receiving radiation from an enclosure at high temperature is given by, 
( )4210 1 TTqq −=          (2.6) 
 
where 0qq  is the heat flux at the surface of the body at temperature T1  relative to the 
heat flux of the same body at temperature  T1 = 0 K.   Equation 2.6 is shown in the plot of 
Figure 2.3.  From this plot Hasselman deduced that for the geometry of laboratory sizes 
the problem of thermal shock by radiation heating could be treated as that having a 
constant heat flux because the maximum tensile stresses for these bodies occurs at 
relative surface temperature in the range 0.2 – 0.3.  These values of the relative surface 
temperature for the laboratory size geometries fall within the region of constant heat flux 
as shown in Figure 2.3. 
 
 
Figure 2.3 Relative heat flux as a function of surface temperature (Adapted from Ref. 29) 
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The temperature within a sphere subjected to a constant heat flux [30] is given by, 








−
−
+= ∑∞
=
−
1
22
22
2
0 2
2
sin
sin2
10
353),(
n
b
at
nn
n
n
eb
r
r
b
b
br
b
at
k
bq
trT
β
ββ
β
    (2.7) 
 
The redial and tangential thermal stresses [31] of the sphere are given by, 
 
 


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−= ∫ ∫b rr drTrrdrTrb 0 0 2323* 112σ        (2.8) 
and, 
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By substituting equation 2.7 into equations 2.8 and 2.9, Hasselman derived equations for 
both the radial and tangential stresses as, 
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and, 
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where *rσ  and 
*
θσ  are the normalized radial and tangential thermal stresses respectively. 
Since ceramics material subjected to thermal shock usually fails in tension, and for a 
sphere subjected to thermal shock by radiation heating, the maximum tensile stresses 
occurred at r = 0, and is given by, 
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The maximum heat flux, qmax, or the maximum temperature, Tmax, due to radiation, to 
which the ceramic body can be subjected is given by, 
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The maximum tensile stresses for the infinite cylinder occurs at r = 0, and are given by, 
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and the maximum heat flux for the cylinder is give by, 
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For the infinite flat plate, the equation for the maximum thermal stresses occurs at z = 0 
and is given by, 
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and the corresponding maximum radiation temperature is given by, 
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Hasselman used experimental data of Crandall and Ging [32] to validate his 
theoretical derivations.  Both the calculated and the experimental values are shown in 
Table 2.2 for comparisons.  He concluded that at low initial temperature the thermal 
shock problem of heating by radiation from high temperature can be treated as a problem 
involving constant heat flux.  He showed that the calculated maximum radiation 
temperature agrees well with their measured counterpart.  Finally, he asserted that the 
bodies of simple geometry can be subjected to a maximum radiation temperature without 
fracture if the thermal stress in the body does not exceed the maximum allowable tensile 
strength of the body tested.  
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Table 2.2  Calculated and experimental values of Tmax and calculated actual and relative surface 
temperatures at 95% stress level for high-alumina porcelain spheres (Adapted from Ref. 29). 
 
Sphere diameter. (in) 3 2 1½ 1¼ 
Tmax (calculated)( K) 1255 1390 1490 1565 
Tmax (observed)( K) 1240 1417 1528 1644 
Surface temperature (K) 568 568 568 568 
Relative Surface Temperature 0.453 0.408 0.381 0.363 
 
 
 
 
 
Hasselman (1969) [7] used a mechanical model which consisted of  a brittle solid 
body subjected to a temperature difference, ∆T, to develop a unifying theory which 
accounted for fracture initiation and fatigue crack propagation in a single theoretical 
mechanical framework.  During the early 1960s, thermal stress resistance of ceramics 
was determined by two separate approaches.  In the first approach, which was based on 
the thermoelastic theory, the selection of materials was made by avoidance of the 
material which would cause initiation of fracture of material by thermal stress.  The 
second approach considered the degree of crack propagation.  Hasselman sought to unify 
the two theories within a single theory which would combine the condition of thermal 
stress fracture initiation and the condition for thermal stress crack propagation into one 
theory.  In the model, Hasselman assumed that there exist an N numbers of cracks per 
unit volume within the solid body.  The total energy [33], Wt, which is the sum of the 
elastic energy and that of the fracture energy of the crack, is given by: 
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where tW  is the total energy per unit volume, 0E  is elastic constant, l  is the flaw size, ν  
is Poisson’s ratio, and G is the surface fracture energy, respectively.  A crack is unstable 
when the following relation holds: 
0=dldWt           (2.21) 
 
The critical temperature difference, cT∆ , to cause crack instability is given as, 
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The plot of Equation 2.22 is shown in Figure 2.4 where the solid lines represent the 
critical temperature difference as a function of the crack half length.  In the figure, the 
critical temperature difference along with an increase in the crack length goes through a 
minimum value where the unset of crack instability is bounded by two crack length 
values.  
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Figure 2.4 Minimum thermal strain required to initiate crack propagation as a function of crack 
length and crack density N (Adapted from Ref. 7). 
 
 
For a short crack the critical temperature difference, cT∆ , is given as: 
( ) ( )[ ]2122022 121 lEGTc νανπ −−=∆       (2.23) 
 
and for long cracks is given as: 
 
( )[ ]2102522 811128 ElNGTc ανπ −=∆        (2.24) 
 
The final crack length, fl , for which the critical temperature range to cause 
instability and long crack growth and still possesses kinetic energy and for which crack 
propagation continues until the potential energy released is the same as the total surface 
energy is given by, 
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where 0l  is the initial flaw size.  Equation 2.25 is represented in the plot of Figure 2.4 by 
dotted lines.  Figure 2.5(a) and (b) show the schematic of the crack length and the 
associated strength as a function of the critical temperature range. 
 
 
 
 
Figure 2.5 Crack length and strength as a function of thermal history (Adapted from Ref. 7). 
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It is concluded that the theory so derived could be utilized as an aid for the interpretation 
of thermal shock data in brittle solids such as ceramic materials and for the development 
of a ceramic material which can resist thermal shock.  Hasselman also asserted that 
fracture of ceramic materials due to excessive thermal stress could be circumvented by 
choosing material properties which could minimize crack propagation.  Two methods 
namely, (1) increasing the Griffith flaw size by increasing the grain size and (2) 
intentionally inserting large and dense cracks such that crack propagation continues in a 
quasi-static manner could be employed to accomplish these aims.  The crack size could 
be chosen near the minima in Figure 2.4.  This method has been utilized [34, 35] to 
improve the thermal shock resistance of ceramic materials.  The increase in the flaw size 
can be accomplished by increasing the grain size.  Gupta [36] conducted thermal shock 
experiment on alumina to determine the effect of grain size on the degradation of strength 
of this material.  He showed that the magnitude of the discontinued decrease in strength 
at the critical temperature range, ∆Tc, decreased as the grain size increased which is in 
support of Hasselman’s suggestion that increasing the grain size could decrease crack 
growth by inducing quasi-static crack propagation. 
 
Evans and Charles (1977) [9] studied the behavior of relatively large precracks 
subjected to thermal stress in order to determine the usefulness of precracking for 
predicting fracture behavior of ceramics in the presence of a high temperature condition.  
They analyzed the conditions for crack propagation which, according to them, depended 
on the precracks length, and thermal variables.  Also, they conducted experimental 
studies to validate their qualitative results by quenching short cylinders in silicon oil or 
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saturated salt solution.  The test samples were Al2O3 or ZrO2.  Initially, tests were 
conducted on samples without precracking to determine the critical temperature at which 
thermal fracture would occur and to characterize the crack extensions in the uncracked 
specimens.  This was followed by samples with precracks since stable crack propagation 
(a monotonic decrease in K) with an increase in the crack length can be accomplished by 
introducing precracks [37, 38].  Precracks were inserted into the sample with saw cut.  
The crack was characterized by using both ultrasonic and dye penetration techniques.  It 
is known that multiple cracks in ceramics samples cause a reduction in stress levels, and 
an array of precracks which could eliminate the activation of the inherent flaws were 
inserted in the samples.   The effects of crack length and density are summarized in the 
schematics of Figure 2.6.  Clearly in the figure it is seen that as the number of precracks 
increases the normalized stress intensity factor decreased accordingly.  Effects of 
precracking were also studied by Faber et al. [39].  They used a Knoop indenter to insert 
precracks in an Al2O3 disk and subjected the sample to thermal shock.  The higher the 
indentation load, the lower the temperature difference required to caused crack 
propagation. 
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Figure 2.6 Crack length as a function of   prediction of approximate analytical method with 
equivalent finite element result showing the effects of crack density (Adapted from Ref. 9). 
 
 
The criterion for preventing crack propagation (Figure 2.7) according to Evans 
and Charles, is given as, 
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For slow crack growth, the criterion is given as, 
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Equation 2.26 can be utilized for component sizing knowing the thermal environment, the 
properties of the material, and crack density.  The relative minimum crack length 
necessary for preventing crack progression in precracked cylindrical specimens is shown 
in Figure 2.7.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Plot of Relative minimum crack length, amin/ro, needed to prevent crack propagation in 
precracked cylinders showing size effects (Adapted from Ref. 9). 
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Figure 2.8 shows a schematic of approximate method for obtaining the normalized stress 
intensification, κˆ , in samples having multiple precracks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Schematic of approximate method for obtaining K in samples with multiple cracks 
(Adapted from Ref. 9). 
 
They concluded that when the diameter of the test sample is increased so does the 
normalized far field stress intensification, and the Biot modulus.  Hence, crack extension 
is encouraged.  In addition, an increase in the heat transfer coefficient also encourages 
crack extension.  In an array of precracks, the small stress asymmetries, resulting from 
nonuniformities in the precracks length, which could cause unstable crack propagation of 
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one or more of the precracks, could be eliminated by ensuring that all precracks have 
uniform length throughout the samples. 
 
Swain (1990) [10] investigated the influence of R-curve (increase in crack growth 
resistance with crack extension) on the degradation of strength due to thermal shock of a 
ceramic composite material (alumina-zirconia) that exhibited both inelastic and R-curve 
behavior.  Swain [10] utilized a simplified fracture mechanics approach wherein he 
showed that the elastic modulus decreases with strain (Figure 2.9), and which resulted in 
a significant reduction of the peak stress intensity factor during thermal shock.  He 
attributed the reduction in E to the presence of considerable microcracks developed on 
the tensile surface beneath a strain gauge consistent with similar observation by previous 
workers [40, 41].  The R-curve behavior of brittle solids has been investigated [42-49]. 
These authors have shown that the R-curve behavior of microcracks represents the crack 
growth resistant of a dominant crack resulting from coalescing of multiple parallel cracks 
subjected to severe thermal environment.  Swain correlated the R-curve behavior with the 
crack initiation and the crack extension at which crack arrest is possible.   
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Figure 2.9 Calculated values of the thermal-shock generated stress intensity factor for 2-mm-radius 
bars of the alumina-zirconia material subjected to a ∆T = 500oC.  The two curves are calculated on 
the basis of the dynamic modulus Eo and tangent modulus with the Biot modulus (β) =15. 
 
Figure 2.10 shows an analytical value of stress intensity factors arising from the 
thermal shock and the influence of the specimens’ size.  Crack arrest positions are 
marked with vertical arrows.  The flexural strength degradation resulting from the 
thermal shock and the influence of specimens size dependencies are shown in Figure 
2.11. 
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Figure 2.10 The influence of specimen size (ro) on the thermal-shock generated stress intensity factor 
for constant ∆T = 600oC.   
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Figure 2.11 Comparison of the applied stress intensity factor for a through-thickness crack in flexure 
of beams of various thicknesses.  Also shown is the superimposed R curve and crack arrest positions.  
For the larger specimens, more significant strength degradation is predicted (Adapted from Ref. 10). 
 
 
The major conclusion made by Swain is that as the strain increased there is a 
sharp decrease in the elastic modulus, which therefore leads to a remarkable reduction in 
the peak stress intensity factor for specimens subjected to thermal shock. 
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Lu and Fleck (1998) [17] investigated thermal shock of a brittle solid (a plate) 
having finite thickness.  They developed a theoretical model to obtain a closed form 
solution for the maximum stress and the corresponding time at which the maximum stress 
occurred  for the cracking scenarios where the crack existed at the edge (for cold shock) 
of the plate and in the center (for hot shock) of the plate. The difference between Lu and 
Fleck’s work and those of previous workers [50-52] is that Lu and Fleck proposed new 
non-dimensional parameters which are capable of characterizing the thermal shock 
resistance in close form.  Lu and Fleck used the transient stress distributions to calculate 
the mode I stress intensity factor by considering two fracture criteria namely:  (1) a local 
tensile stress criterion where it is assumed that fracture of the solid will occur when the 
maximum tensile stress equals that of the tensile strength of the solid, and (2) a fracture 
toughness criterion where the largest existing crack will propagate when the maximum 
stress intensity factor, Kmax, equals the critical stress intensity factor KIC.  The maximum 
jump in surface temperature, ∆T, as a result of thermal shock for both edge and center 
cracking for both fracture criteria is calculated via the transient thermal stress 
distributions. 
 
The dimensionless transient stress distribution is given as, 
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For a situation where the Biot number is 0, the body is stress free, ( ) 0, =tzσ , whereas if 
the Biot number is assumed to be infinite, ∞ , the dimensionless transient stress 
distribution is given as, 
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Equation 2.29 (evolution of transient thermal stress) is plotted as a function of the 
dimensionless time in Figure 2.12 at selected location through the thickness of the solid 
body where it is shown that the overall size of the transient thermal stress increases as the 
Biot number increases.  Figure 2.12 also shows that the maximum transient stress 
occurred at the surface of the plate for cold shock conditions. 
 
The transient tensile stress for both cold and hot shock, and the maximum tensile 
stress achieved at the surface for cold shock, and in the center of the plate during hot 
shock for selected Biot numbers are shown in Figures 2.13 (a), (b) and (c), respectively.  
The time for which these maximum transient tensile stresses occurred in both thermal 
shocking scenarios (cold and hot) are shown in Figure 2.13 (d).  Apparently, it is shown 
in the figures that the magnitude of the maximum transient tensile stress is greater for the 
cold shock than that of its hot shock counterpart.  The forgoing results have been 
illustrated for the maximum tensile stress criterion for fracture initiation.    
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For the situation where there exists an initial crack in the solid, the fracture 
toughness criterion is utilized to access the maximum crack driving force and the 
corresponding time at which the maximum stress intensity occurred.  The stress intensity 
factor, K, associated with the transient thermal stress for cold shock is given by, 
( ) ( )
( ) ( )[ ] ( )∫ −
−




−−
−
=
1
1 25.1
1
83
0 12
1
,,2
H
a H
Zd
azHH
a
tH
Z
H
a
H
ZF
H
anK
K σ
π
λ
   (2.30) 
 
and for hot shock is given by 
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The normalized stress intensity factors for both the cold shock and the hot shock are 
given in Equations 2.30 and 2.31, and are plotted in Figure 2.14. 
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 Figures 2.14 (a), (b), (c), (d), (e), and (f) show the geometries and conventions 
for a single edge crack under cold shock condition and for a center crack under hot shock 
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condition, nondimensional stress intensity factor versus nondimensional time for Bi = 10.  
The maximum stress intensity factor, and the dimensionless time and dimensionless crack 
length are also shown in the figure. 
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Figure 2.12 Evolution of dimensionless stress    as a function of dimensionless time at selected 
locations    for: (a) Bi = ∞  ; (b) Bi = 10; (c) Bi = 1 (Adapted from Ref. 17). 
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Figure 2.13 Surface stress surfaceσ   in cold shock and (b) center stress centerσ  in hot shock as a 
function of time t  for selected values of Biot number, Bi  ; (c) maximum surface stress and maximum 
center stress,  maxσ  , and (d) their time of occurence, 
∗t , as functiions 1/Bi (Adapted from Ref. 17).  
 
 
Two prominent conclusions drawn from the forgoing discussion need to be 
emphasized here.  These are that: (1) results over the full range of Bi )0( ∞≤< Bi are 
qualitatively equivalent to those for which the Bi = 10 as shown in Figure 2.6, (2) the 
stress intensity factor, K, attains a maximum value at approximately 33.0=Ha , and (3) 
the limiting value Kmax = 0.222K0 is the largest stress intensity factor attained for any 
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crack length, under the most severe thermal shock boundary conditions (Bi = ∞ ) for both 
cold and shock conditions.  Moreover, it is shown that the hot shock resistance for a 
center-cracked plate is greater than the cold shock resistance for an edge-cracked plate 
irrespective of the fracture criterion employed in the analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 Geometries and conventions for a single edge crac
dimensional stress intensity factor  versus non-dimensional tim
corresponding non-dimensional  values t and a plotted as func
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2.3. Toughening Mechanisms 
 
 
2.3.1. Transformation Toughening 
 
 
Evans and Heuer (1980) [53] have studied the toughening of ceramics via 
martensitic transformation occurring in the immediate vicinity of the crack tip.  Similar 
research has been conducted by many other workers [54-57].  These works were done 
based on models developed earlier by previous researchers [58-64] including the work of 
Evans and Heuer.  Evans and Heuer first of all derived the stresses and strain energies 
that are believed to develop after the transformation has taken place in the material, and 
then deduced from their derivation the transformation condition using the change in 
Helmholtz free energy (change in thermodynamic state).  In addition, they derived 
relations for the transformation stress and the transformation zone (in the matrix) at the 
immediate vicinity of the crack tip where the second phase – particles will undergo 
transformation. 
 
The transformation stresses developed in the particles which lies within the matrix 
at the time when the particles undergo transformation is given as, 
 
( ) ( )∗−=−= TcmTcpI eeeep κκ 33        (2.34) 
 
( ) ( )∗−=−= TijcijmTijcijpIij eeeep `2``2` µµ        (2.35) 
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where µ  is the shear moduli, κ  is the bulk moduli, pI is the hydrostatic component of 
stress, e is the hydrostatic component of strain, Iijp` , and ije`  are the deviatoric components 
of stress and strain, respectively; ec  is the constraint strain in the particle, the subscripts p 
and m stand for particles and matrix, eT* is the transformation strain of the “equivalent” 
particle to include the elastic modulus mismatch which exist between the particle and the 
matrix.  An Eshelby tensor, Sijkl, is used for relating the constrained strain to the 
equivalent transformation strain in the form, 
∗
=
T
klijkl
c
ij eSe           (2.36) 
 
The relationship between the unconstrained transformation strain and the strain within the 
particle resulting from an increase in the strain energy, ∆UT, of the system containing 
both the particles and matrix is defined as, 
 
2τ
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A
ijpT epVU −=∆          (2.37) 
 
where pV  is the particle volume.  The strain energy change is modified by two 
components following transformation and these component are given in Equations 2.38 
and 2.39, respectively as, 
2
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and,  
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T epVU −=∆ 1 .         (2.39) 
 
The resultant strain energy change accompanying transformations is therefore given as, 
 
 
( )[ ]11 21 ijAijTijpTT ppeVUUU +−=∆+∆=∆       (2.40) 
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A condition which governs the transformation of particles is the free energy of both the 
particles and the matrix.  The change in free energy due to transformation is given by, 
 
 ( )[ ]100 21 ijAijTijppp ppeVGVUGVG +−∆−≡∆+∆−=∆     (2.41) 
 
 
The contribution from both the hydrostatic and the deviatoric components of the total 
strain energy accompanying transformation is given as, 
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and the magnitude of stress necessary to cause transformation is given by, 
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where β = Em/Ep  .  Equation 2.43 indicates that the transformation stress increases as the 
change in the chemical free energy decreases.  Also, the transformation stress 
continuously increases as the matrix modulus, β, increases. 
 The toughness resulting from the martensitic transformation can be evaluated by 
employing the following relation, 
( )φ−=ΓΓ 110T  
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and F   = ∆G0/∆V2Ep 
 
 
Equation 2.44 indicates that as φ  approaches unity the toughness tends toward a 
maximum value, which implies that as the particles become closer and closer to the 
transformation zone size in the immediate vicinity of the crack tip stress field, and so is 
the tendency for a tougher material. 
 
2.3.2. Crack Bridging 
 
 
Budiansky et al. (1988) [65] investigated theoretically the fracture toughness of a 
composite material reinforced with ductile metal particles.  Bridging due to ductile phase 
reinforcement has received considerable attention [66-73].  Budiansky et al. developed 
toughening parameters by employing the elastic springs, elastic – plastic springs, and a 
rigid-plastic springs for the bridges (Figure 2.15) formed in the wake of a crack as it 
propagates through the reinforced ceramic material.   
 
 
 
 
 
 
 
Figure 2.15  Bridging-spring model (Adapted from Ref. 65). 
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For the elastic spring model, the toughening ratio is given by, 
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and for the elastic – plastic springs the toughening ratio is given as, 
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For the case of a rigid-plastic spring, when the critical plastic value of the difference 
between the crack face displacement ( in terms of the last spring before failure) and the 
crack face  displacement at yield, the toughening ratio is given as, 
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In the case of a ceramic reinforced by elastic particles and when failure of the particles 
occurs elastically, the modified toughening ratio is given by, 
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where 
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Also, for ceramic materials which contain ductile particles capable of undergoing plastic 
flow prior to catastrophic failure the toughening ratio is given as, 
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Budiansky and co-workers correlated their analytical results with experimental data 
(Table 2.3) to back-figure effective particle strength as shown in Figure 2.16.  The points 
in the plot show the corresponding values of the modified toughening ratio, Λ, as a 
function of the modified bridge length, ρ.  Surprisingly, high particle strength was 
calculated and it was believed that both toughening mechanism and crack bridging might 
be operative in ceramics reinforced with metallic particles. 
 
Table 2.3  Experimental data and material properties (Adapted from Ref. 65). 
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Figure 2.16  Modified toughening ratio vs. non-dimensional bridge length (Adapted from Ref. 65). 
 
 
 
2.3.3. Viscoelastic Toughening 
 
 
McNaney et al. (1999) [21] investigated the effect of viscous grain bridging on 
cyclic fatigue-crack growth in monolithic ceramics subjected to elevated temperature 
conditions.  They developed a micro-mechanical model for modeling crack-tip shielding 
under cyclic mechanical loading.  The model accounts for microstructural parameters, 
viscosity, and thickness of the grain-boundary film, load frequency, cyclic load 
amplitude, and load ratio.  The shielding was due to crack bridging via the viscous 
response of a grain boundary phase.  The bridging forces are transmitted across the crack 
via the shear resistance, τ, of the grain boundary phase.  The model provides a good 
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idealization of the bridging observed.  Ignoring specimen geometry and considering a 
semi-infinite specimen, the shielding due to crack bridging, Kb, is given as, 
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where lb is the length of the bridging zone, x is the distance from the crack tip, and the 
bridging stress, p(x), is given by: 
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 where Af  is the area fraction of active bridging elements, η is the viscosity of the 
bridging elements, ν(x) = 2 du(x)/dt = 2 &u (x), is the velocity of the grain (positive moving 
downward with the grain stationary), d is the height, h is the thickness, and λd  is the 
width of the bridge.  In the first stage of the modeling, McNaney et al assumed a 
parabolic crack opening profile for the displacement u(x), and small values of u(x) 
compared to the grain height, d, the time dependent crack tip stress intensity factor, Ktip(t), 
then given by,  
 
)()()( ttiptattip KKK &β−=              (2.52) 
 
where Ka(t) is the applied stress intensity factor, and β is the bridge parameters given by, 
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The variables in Equation 2.53 have their usual meaning.  E* is the average Young’s 
modulus, (E* = E) for plane stress, and E* = E/(1-ν2 ) in plane strain, where, ν is the 
Poisson’s ratio. 
 
In the second stage of their modeling, a self-consistent solution was adopted 
where the crack displacement profile u(z) satisfies the following relation, 
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and  
 
 
)()()()( rurururp && βα +=         (2.56) 
 
 
 
It is concluded that a reduction in the load transfer to the crack tip occurs as the 
magnitude of the bridging traction increases.  Figure 2.17 shows, for example, that the 
normalized stress intensity factor reduces as the viscosity increases.  
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Figure 2.17  Self-Consistent solution results showing predicted variations in the maximum, Kmax, and 
minimum, Kmin, crack-tip stress intensity, normalized to the maximum applied stress intensity, 
∞
maxK , 
vs changes in the model parameters, namely (a) grain aspect ratio, d/h, (b) viscosity, η, and (c) 
frequency, f.  The normalized crack-tip stress intensity range, ∞∆ maxKK , is shown as the difference 
between the two curves (Adapted from Ref. 21). 
 
 47
Soboyejo et al. (2001) [74] assessed the role viscous crack bridging plays (in the 
reduction of the crack growth driving force, SIF) in the high temperature refractory 
during thermal shock.  They conducted thermal cycling at peak temperatures of 1150oC 
and 1500oC and downquench temperature of 400oC.  Also, they conducted fracture 
toughness tests to determine the variation in the fracture toughness with temperature by 
subjecting a single edge notch specimens to a three-point bend loading at various 
temperature ( 25 oC , 400 oC , 650 oC , 900 oC , 1150 oC , and 1500oC ).    
 
Soboyejo et al. observed viscous glassy phases in the fracture surfaces (Figure 
2.18), and suggested cracking/damage due to thermal shock may be alleviated by 
incorporating an additional amount of glassy phases into the starting powder of the 
samples they used for testing.  They also suggested that bridges are viscoelastic in nature, 
and idealized bridges using a spring-dashpot model (Maxwell model).  The model 
suggests  
 
 
 
 
 
 
 
 
Figure 2.18  Photomicrograph showing crack bridging by viscous glassy phase (Abstracted from Ref. 
74). 
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that the relaxation time of the bridges can be controlled via the Young’s modulus, E and 
the viscosity, η (τ ~η/E).  Where the relaxation time is a measure of the time the initial 
stress, σ0, in the material reduces to zero if a linear decay having a slope comparable to 
the initial slope, dσ0/dE, were retain from time, t = 0 to time t = τ.   
 
 
2.3.4. Crack Trapping 
 
 
Bower and Ortiz (1991) [75] have conducted an analytical study to account for 
the effect of crack trapping on the toughening of ceramics materials.  They modeled an 
unbounded elastic solid which has a straight, semi – infinite crack, and subjected it to a 
uniform load which induced a mode I stress intensity along the crack front.  In the first 
stage of their calculation they assumed that the particles were perfectly bonded to the 
matrix material.  Then, they allowed the particles to be pulled out from the matrix in the 
wake of the growing crack.   
 
Crack propagation is ensured when the magnitude of the far field stress intensity 
equals the toughness of the matrix material.  When part of the crack front runs into the 
tough particle, that part of the crack front is arrested since the stress intensity of the solid 
is less than the toughness of the particle.  As the far field stress intensity is increased, the 
remainder of the crack front bows out between the pinning particles as shown in Figure 
2.19.  Bower and Ortiz carried out the analysis of the problem by calculating stress 
intensity factors for a semi – infinite crack having an arbitrary shaped crack front, with 
the crack faces pinned over small circular regions.  They solved the problem in four 
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stages.  Initially they subjected a semi-infinite crack to remote loads.  Then they added 
bridging particles and found a distribution of point loads on the crack which pin the crack 
faces over small circular regions.  In the third stage of the analysis they perturbed the 
crack front from its straight configuration until the fracture criterion is satisfied on the 
crack front.  In the final stage of the calculation, they marched around a row of obstacles 
by applying an additional succession of first order perturbations. 
 
For a straight crack perfectly pinned by arrays of particles the stress intensity 
factor is given as, 
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While according to Bower and Ortiz, at the instant of fracture, the crack front is wavy in 
nature and the stress intensity factor is given as a set of N + 1 coupled singular integral 
equations, 
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where K(s) is the stress intensity factor on the pinned crack configuration. 
 
For perfectly bonded particles the cracks may get through a row of toughened particles if 
the ratio of the particles toughness to that of the matrix toughness, matrixc
particles
c KK  ,  
exceeds a critical value.  The shape of a typical semi-infinite crack passing a single row 
of toughened particles is shown in Figure 2.19, and the variation of the stress intensity 
factor around the crack front as the crack traverses the obstacles is shown in Figure 2.20.  
From Figure 2.20, the peak stress intensity factor for the region of the crack in contact 
with the particles, K(s) = 2.84, at the middle of the crack front.  If the ratio, 
matrix
c
particles
c KK < 2.84, the crack will penetrate the obstacles and fracture them. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19  The shape of a semi-infinite crack as it bypasses a single row of obstacles (Abstracted 
from Ref. 75). 
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Figure 2.20  The variation of stress intensity factor around the crack front shown in Figure 2.19 
(Abstracted from Ref. 75). 
 
 
 
Figure 2.21 shows the effective toughness of a material reinforced by an array of 
perfectly bonded particles as a function of the ratio of the particles toughness to that of 
the matrix toughness, matrixc
particles
c KK .  The figure shows that the toughness enhancement 
due to crack trapping is a monotonically increasing function of matrixc
particles
c KK  and R/L.  
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Hence, toughness of a brittle matrix can be achieved by trapping of the crack front by 
pinning particles.  This condition is only achievable if matrixc
particles
c KK  < 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.21  Effective toughness of a material reinforced by an array of perfectly bonded particles. 
Numbers in parentheses indicate number of stable pinning particles in the crack wake (Abstracted 
from Ref. 75). 
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The toughening improvement resulting from crack-trapping has also been studied 
theoretically by other researchers [76-78].  Evidence of crack trapping has been reported 
by Ramsundaram et al. [79], while Heradia et al. [80] have reported crack trapping by Mo 
fibers in NiAl/Mo composites.  These models have provided reasonable estimates of the 
measured toughening levels in model composites. 
 
2.3.5. Crack-Tip Blunting 
 
 
Soboyejo et al. (1997) [81] studied the effect of heat treatment (annealing) on the 
microstructure and fracture behavior of an α2+β forged Ti-24Al-11Nb intermetallic.  
They conducted room temperature and elevated temperature fracture toughness tests for 
the as-received material and materials that were annealed at different heat treatment prior 
to fracture toughness testing.  Soboyejo and co-workers attributed this increase in fracture 
toughness for materials that were subjected to elevated temperature fracture testing to the 
higher levels of plasticity (increase in slip activity) at elevated temperature.   In an effort 
to understand the salient contribution to the improved toughness of the material at an 
elevated temperature, Soboyejo et al. considered the role that a toughening mechanism, 
such as crack-tip blunting, could play in the toughening of the material. 
 
They agued that in the plastic region, the strain field in the composite material can 
be delineate by employing the Hutchinson, Rice and Rosengren, HRR, formulation given 
in Equations 2.60 and 2.61, but that in the elastic region, the strain component in the 
composite material is as given in Equation 2.62. 
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where  
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Soboyejo et al reformulated Equations 2.61 and 2.62 to get Equations 2.63 and 2.64 
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By combining Equations 2.63 and 2.64 with the J – integral  given in Equation 2.65 they 
arrived at a modified near tip composite strain fields given in Equation 2.66. 
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The near tip strain field for the matrix is given as, 
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By combining Equations 27.62– 2.67, they obtained the modified crack tip blunting ratio 
as, 
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The results of the fracture toughness tests are summarized in Table 2.4 where the 
toughening estimates obtained from their modified crack-tip blunting model are 
compared with the model proposed by Chan [82].  Clearly, the results obtained from the 
modified crack-tip blunting model are somewhat higher than those obtained from Chan’s 
model.  The confrontation of Soboyejo et al data with those of Chan’s data stems from 
the facts that the HRR field expression may overestimate the crack-tip fields in an elastic 
material.  On the contrary, by assuming purely elastic behavior in a brittle matrix material 
the actual crack-tip fields in nearly elastic materials is likely to be underestimated. 
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Table 2.4  Comparison of toughening prediction from the Chan model [82] and Soboyejo et al. model 
(Adapted from Ref. 81). 
 
 
 
2.3.6. Crack Deflection 
 
 
Faber and Evans (1983) [83] investigated the effects of particles morphology 
and size on the crack deflection toughening mechanism.  They used hot pressed silicon 
nitrides which consisted of rod-shaped grains having varying aspect ratios and barium-
silicate glass ceramic which contains spherulites.  They also employed lithium-alumino-
silicate glass ceramics which consisted of Li2Si2O5 lath-shaped crystals to study the 
effects of particle size.  They measured the fracture toughness and crack deflection 
process and correlated the results with crack deflection models. 
A Vickers indentation (Figure 2.22) was used to produce semi-circular radial cracks 
which provided reliable deflection profile.  Crack deflection profiles for Si3N4 are shown 
in Figure 2.23.  Figure 2.24 shows a plot of four cumulative distribution functions for 
Si3N4.  The figure shows that the deflection angle of the crack increases as the aspect 
ratio of the lath-like microstructures increases. 
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Figure 2.22  Schematics of the top and cut-away side views of a Vickers indentation indicating the 
radial cracks, CR, and the subsurface radial crack front (Adapted from Ref. 83). 
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Figure 2.23  Crack deflection profiles for end member of the Si3N4 series traced from scanning 
electron micrographs (Adapted from Ref. 83). 
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Figure 2.24  Cumulative frequency distributions of measured deflection angles of four hot-pressed 
Si3N4 materials of various aspect ratios (Adapted from Ref. 83). 
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Figure 2.25  Cumulative frequency distributions of measured deflection angles of two lithium-
alumino-silicate glass ceramics compared with predicted frequency distributions for various aspect 
ratios (Adapted from Ref. 83). 
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A comparison of the measured and predicted crack deflection profiles shown in 
Figure 2.25 indicates deflection distances characteristic of rods with effective aspect 
ratios in the range 3 < Reff < 4 which predict toughness increases of between 2.5-2.7, 
according Faber and Evans [83].  They concluded that the toughening measurements are 
in accord with the crack deflection predictions in as much as the fracture characteristics 
of the grain are effectively integrated.   The measured relative toughness and the 
deflection angle are compared with predictions for toughening by rod-shaped particles as 
shown in Figure 2.26.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26 Relative toughness-median deflection angle correlations for the hot-pressed Si3N4 series 
(Adapted from Ref. 83). 
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Bilby et al. [84] and Cotterell and Rice [85] have also studied theoretically the 
role of in-plane tilting/crack deflection and out-of-plane twisting.  Experimental evidence 
of toughening has been presented by other researchers [86-88]. 
 
 
2.3.7. Microcrack Shielding 
 
Hutchinson (1987) [89] investigated the effect of micro-cracking at the tip of a 
macroscopic crack.  Crack-tip shielding due to microcracks shielding have also been the 
subject of other studies [90, 91].  The shielding of the macro-cracks, Hutchinson asserts, 
occurs due to redistributions and reductions in the average near-tip stresses.  He assessed 
two prototype micro-cracking scenarios from which constitutive relations were 
established.  A penny – shaped micro-crack in a spherical particle and an annular micro-
crack outside a spherical particle were analyzed.  The total strain after micro-cracking in 
a penny-shaped micro-crack is given as, 
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For a non-interacting annular having a randomly oriented micro-crack, the strain is the 
same as that given in Equations 2.69, but the uniform transformational dilatation, Tθ , is 
different from that of Equation 2.70 and is given as, 
 
( ) ( ) ]//11[ 02222 EababNaverageT σνπθ −−×=      (2.71) 
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The crack tip stress intensity factor for a uniformly distributed micro-cracks and 
for that of a non-uniform one are given in Equations 2.72 and 2.73, respectively. 
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A summary of the results from various models is given in Table 2.5.   Hutchinson 
concluded that the shielding effect due to a reduction in the moduli is greater for the 
growing crack than that for the stationary crack, and the increase is ~ 40%.  Moreover, he 
concluded that the shielding effect due to the contribution from the release of the residual 
stress is also greater for the growing crack than for the stationary crack.  Experimental 
evidence of toughening due to microcracks shielding has been reported in the literature 
[92, 93]. 
 
Table 2.5  (Ktip/K) – 1 for 31=ν  from lowest order theory expressed in terms of crack density 
parameter ε  measuring equivalent density of penny-shaped cracks (Adapted from Ref. 89).   
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2.3.8. Summary  
 
 
In this chapter a brief overview of Sillimanite material and background on thermal 
shock of brittle materials and a review of toughening mechanisms were conducted.  The 
review has provided insights into factors which affect thermal shock resistance of brittle 
materials, and various toughening mechanisms for improving the lives of ceramics have 
been offered.  Although the previous researchers have provided insights into the 
understanding of thermal shock behavior in ceramic materials, they did not attempt to 
engineer a material that could promote viscoelastic toughening by doping the material 
with additives which promote formation of viscous ligaments which are essential to the 
toughening of ceramics materials.  Na2O or K2O are known to alter the viscosity and the 
glass transition temperature of silicates.  Therefore, it is the objective of this research to 
engineer the Sillmax chemistry in a manner that it is possible to induce formation of 
viscous glassy phases which promote viscoelastic toughening and thermal shock 
resistance at lower temperatures in the aluminosilicate refractory ceramics, and to 
strengthen the viscous bridges thus formed by dopants.  Na2O and CaO will be added to 
the starting powder, to promote the formation of viscous glassy phases, and strengthen 
the viscous ligaments formed, respectively.  In addition, a mechanism-based model for 
the design of alumino-silicate that is resistant to thermal shock will be developed.  The 
details of experimental work are delineated in the next chapter; while, modeling work is 
described in section 4.3.   
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CHAPTER 3. MATERIALS AND EXPERIMENTAL PROCEDURES 
 
 
3.1. Materials 
 
 The material that was used in this study was provided in powder form by Corus 
Ceramic Research Center, Ijmuiden, The Netherlands.  The chemical composition of the 
as-received alumino-silicate powder, Sillmax, is as shown in Table 3.1.  The chemistry of 
the as-received Sillmax was altered by the controlled addition of two dopants: namely, 
sodium oxide, Na2O (4 – 6wt.%), and calcium oxide, CaO (0.5wt.%).  The Na2O was 
introduced in the form of Na2CO3, while the CaO used had 99.9% purity.  The Na2O was 
added to promote viscoelastic toughening [20], while the CaO was added to strengthen 
the viscoelastic bridges [23]. 
Beside the dopants, 2wt. % of boric acid in polyvinyl alcohol mixture was added to all 
powder batches to facilitate particle adhesion (binding).  The powders where then 
separately dry milled for 24 hrs in a polyethylene jar using zirconia balls (Figure 3.1).  
The primary purpose of the ball milling was not to reduce the particle size, but rather to 
break-up any agglomerated particles, and also minimize any inhomogeneities.   
One batch of the Sillmax powder was specifically ball milled to determine the particle 
size distribution.  After ball milling, it was then wire sieved using the sieve/shaker 
combinations shown in Figure 3.2.  The particle size distribution obtained is shown in 
Table 3.2.  
The other six batches, meant for the actual experiments, were prepared and ball milled 
as detailed above. However, they were not sieved in order to maintain the homogeneity 
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arising from the ball milling.  The first batch was designated “as-received Sillmax”.  This 
contained no dopant.  The second batch was doped with 4wt.-% Na2O and labeled 
Sillmax + 4%Na2O.  The third batch was doped with 5wt.% Na2O and marked Sillmax + 
5%Na2O.  The fourth batch was doped with 6wt.%Na2O, and branded Sillmax + 
6%Na2O.  The fifth and the sixth batches were doped with 4wt.% Na2O + 0.5wt.%CaO, 
and 5wt.%Na2O + 0.5wt.%CaO.  These were identified as Sillmax + 4%Na2O + 0.5 
%CaO and Sillmax + 5%Na2O + 0.5%CaO, respectively. 
 
 
 
Figure 3.1  Photograph of the ball mill used in the material processing. 
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Figure 3.2  Photographs of the sieve and the shaker set-up. 
 
 
 
 
Table 3.1  Chemical composition of the as received sillmax powder. 
 
 
 
 
 
 
Component Composition (wt-%)
Al2O3 58.80 
SiO2 39.70 
CaO 0.19 
MgO 0.07 
TiO2 0.30 
Fe2O3 1.00 
MnO 0.01 
P2O5 0.05 
Na2O 0.06 
K2O 0.22 
LOI 0.11 
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Table 3.2  Particle size distribution after ball milling the as-received sillmax powder. 
 
Mass on Sieve Sieve Size (µm)
 (%) 
 500 13.39 
250 26.93 
125 33.19 
63 15.82 
45 10.61 
<45 0.07 
Total 100 
 
 
 
3.2. Experimental Procedures 
3.2.1. Processing of Green Bodies 
 
In order to promote more intimate mixing of the powder and binder, 300ml of 
ethanol were added to every batch of the milled powder.  The ethanol was subsequently 
evaporated, while stirring.  This technique is known to enhance a uniform dispersion of 
the binder throughout the particulates [94].  The powder was subsequently allowed to dry 
under ambient conditions, prior to compaction. 
 
A double action die (pressure is applied from both ends of the die) was designed 
and fabricated to produce green bodies of dimensions 6.35mm x 6.35mm x 50mm.  The 
die design is shown schematically in Figure 3.3a. Essentially, by applying pressure from 
both ends, a more uniform stress distribution is encountered by the green body during 
pressing [95].  Otherwise, variations in the densities of the green bodies, and ultimately 
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that of the sintered compacts, would occur across the compact structures [95].  The 
powder was cold pressed at a pressure of 300MPa, using an Instron machine, as shown in 
Figure 3.3b. 
 
To circumvent one of the problems encountered with a uniaxially compacted 
green body, often referred to as endcapping (cracking of the green compact upon release 
of pressure and ejection of green compact from the die), the die was disassembled at 
frequent intervals for cleaning and lubrication [95].  An extremely thin layer (~ 1µm) of 
boron nitride was also used for lubricating the die walls with the overall effect of 
reducing die wall and particle-particle friction, especially on particles adjacent to the die 
walls. The endcapping phenomenon is shown schematically in Figure 3.4.   
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Figure 3.3  (a) Schematic of the die for powder compaction and (b) Instron mechanical testing machine showing the die for powder compaction. 
(a) 
Die 
(b) 2.5"
3.2"
2.5" 
4"
Top Punch 
Bottom Punch 
0.5" 
0.25"
1.0"
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Figure 3.4  Schematics of endcapping mechanism of crack formation in a uniaxially compacted green 
body showing (a) release of pressure from the upper punch and (b) material rebound at the top of the 
die (Adapted from Ref. 2). 
 
 
3.2.2. Sintering 
 
Two different sintering temperatures (1400oC and 1500oC) were used in this 
study.  The sintering cycle, which is shown in Figure 3.5 involved heating the green 
bodies at 5oC/min to 300oC, and holding for 1hr to drive off the binder, before raising the 
temperature to the desired sintering temperature (1400oC or 1500 oC).  The samples were 
then held at the sintering temperature for 8 hrs, before furnace cooling to room 
temperature.  The same furnace was used for the thermal shock experiments, which are 
described in section 3.2.7. 
 
Localized 
tensile stress 
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Figure 3.5 Schematic of the sintering temperature cycle. 
 
 
 
                               
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Photograph of the furnace used for sintering and thermal shock experiments. 
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3.2.3. Sample Preparation for Microstructural Characterization 
 
 
After sintering, a representative sample was cut from each of the sintered 
specimens, using a diamond saw.  These specimens were then subjected to standard 
ceramography techniques [95]. This involved grinding with different grades of silicon 
carbide (SiC) paper with grit sizes between 240 and 1200.  After grinding, the samples 
were polished on a BUEHLER TEXMET® 2000 polishing cloth (Buehler, Lake Bluff, 
IL) using diamond suspensions of sizes 15µm, 6µm and 1µm, in that order.  After each 
polishing step, the specimen surfaces were rinsed with a mixture of water and Alconox (a 
detergent) that was maintained at 80oC.  After the last Alconox rinse, the surface was 
splashed with deionized water, sprayed with ethanol, and dried using a heat gun [95, 96]. 
 
3.2.4. Optical Microscopy 
 
The polished samples were observed on a Nikon optical microscope, with a 
camera attachment.  Photomicrographs of the key features observed at the various 
magnifications are presented in section 4.2. 
3.2.5. Scanning Electron Microscopy and Energy Dispersive X-Ray 
Spectroscopy 
 
The same samples studied by optical microscopy were subjected to more in-depth 
analyses using an XL30 Philips scanning electron microscope (SEM) equipped with an 
energy dispersive spectroscopy (EDS) attachment (Figure 3.7).  Prior to observation in 
the SEM, the samples were gold sputtered and dabbed on the sides with colloidal 
graphite to facilitate electrical conduction.  The focus of the EDS work, which included 
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elemental mapping, was to determine the phases present and distribution of key elements, 
notably aluminum, silicon, oxygen, iron, sodium and calcium.  The accelerating voltage 
that was used for both sample observation and EDS analysis, ranged from 5 to 20 kV.  
The results obtained from the SEM and EDS analyses of the different samples are 
presented in section 4.3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Scanning electron microscopy and the energy dispersive x-ray spectroscopy 
 
 
3.2.6. Porosity Determination 
 
Porosity measurements were made using the Archimedes method, in accordance 
with the American Society for Testing and Materials Specification ASTM C373 [97] 
standard.  The porosity measurement involved measuring the dry weight ( DryW ) of the 
EDS 
computer Imaging 
computer 
EDS detector SEM 
Sample chamber 
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specimen in air.  After measuring the dry weight of specimen in air, it was boiled in 
deionized water for a period of 5 hrs, and then cooled for 24 hrs.  Two weight 
measurements of the water saturated specimen were taken, one while suspended in the 
water ( waterW ) and the other while suspended in air ( airW ).  The percent of apparent 
porosity (ϕ ) was then calculated from the following expression [95]: 
  100×
−
−
=
waterair
Drysir
WW
WW
ϕ       (2) 
 
where airW  and waterW  are wet weight in air, and wet weight in water, respectively.  
DryW is the dry weight in air. 
 
3.2.7. Thermal Shock   
 
 
Cold shock experiments were performed on specimens with dimensions of 6.4 
mm x 6.4 mm x 50.8 mm.  The experiments were conducted at different temperatures, 
∆T, (1095oC, 1195oC, 1295oC, 1345oC and 1395oC) under down-quenching conditions.  
The specimens were soaked at temperature for 30 minutes and quenched into a water bath 
that was maintained at ~ 5oC.  The number of cycles required for crack initiation, Ni, as 
well as the number of cycles to failure, Nf, were measured as a function of temperature 
range, ∆T.  This was done for the as-received and doped bricks.  Failure was taken to 
correspond to the fracture of the specimens into two or more pieces.  After specimen 
failure, fractography analysis was carried out in an SEM.  This was used to study the 
mechanisms of crack growth and crack bridging.  The compositions of the bridging 
ligaments were also measured using semi-quantitative EDS techniques.   
 76
3.2.8. Flexural Strength Measurement 
 
Room temperature modulus-of-rupture, MOR, measurements were also conducted 
on the sintered specimens using an Instron servo- hydraulic testing machine that was 
operated with a calibrated 25kN load cell. The set up for the three point bend testing is 
shown schematically in Figure 3.8.  The specimen width (W), thickness, (B) length (L) 
and span (S) were 6.4 mm, 6.4mm, 50.8mm, and 43.2 mm, respectively.  A displacement 
controlled mode was used, and the cross head displacement rate was 0.05 mm/sec.  The 
load at which failure occurred was then used to compute the MOR.  The equation that 
was used for computing the MOR is given by: 
22
3
WB
PSMOR =  ,          (3) 
 
where MOR is the flexural strength of the specimen, P is the load at which failure 
occurred, S is the span, B is the thickness and W is the width of the specimen, as shown 
in Figure 3.8. 
 
 
 
 
 
 
Figure 3.8 Schematic of the flexural strength experiment set-up in three point bend. 
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Figure 3.9 Three point bend experimental set-up. 
 
 
3.2.9. Fracture Toughness Measurement 
 
The fracture toughness tests were performed on single edge notched bend (SENB) 
specimens with dimensions of 6.4 mm x 6.4 mm x 50.8 mm.  The initial notch-to-width 
ratios were ~ 0.40-0.45.  As with the measurement of MOR tests, the fracture toughness, 
KIc, was determined by measuring the load at which failure occurred.  A three- point bend 
experimental set-up was employed (Figure 3.9 and 3.10).  The fracture toughness tests 
were conducted under load control, using a load increase rate that corresponded to a 
stress intensity factor increase rate, K& , of ~ 0.2 MPa √m.s-1.  The fracture toughness KIc, 
was computed using the following equation: 
a
W
aFK cIC πσ
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Sample 
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where KIc is the fracture toughness, 


W
aF , is a geometric function that depends on the 
crack size and specimen width, cσ , is the stress computed using the failure load, a is the 
crack size (including the initial notch length), and W is the width of the specimen.  The 
specimen dimensions are shown schematically in Figure 3.10. 
 
 
 
 
 
 
 
 
Figure 3.10 Schematic of a three point ben
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CHAPTER 4.  RESULTS AND DISCUSSIONS 
 
 
 
4.1. General Microstructure  
 
4.1.1. Porosity 
 
Table 4.1 shows the porosity values obtained in the different samples.  The un-
doped (as-received) Sillmax sample is shown to have much higher porosity compared to 
the doped ones.  In addition, when viewed under the optical microscope and SEM, the 
pores in the as received Sillmax were seen to be interconnected, while the doped samples 
had discrete pores.  The plot of the measured density for different compositions is shown 
in Figure 4.1.   The figure shows that the density of the sample doped with 4wt.% Na2O + 
0.5wt.%CaO has a higher density compared with all other compositions. 
 
 
Table 4.1  Porosity measurements for specimens sintered at 1500oC for 8 hrs. 
Content of additives Apparent Porosity (%) 
AR 30 
4%Na2O 21 
4%Na2O + 0.5%CaO 20 
5%Na2O + 0.5%CaO 22 
5%Na2O 23 
6%Na2O 24 
 
 
4.1.2. Optical Microscopy 
 
Figures 4.1a show the microstructure of the samples that were doped with 4wt.% 
Na2O,  while Figures 4.1b reveal the microstructure of the samples that were doped with 
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5wt.% Na2O.  Also, Figures 4.1c and Figure 4.1d show the microstructure of the samples 
that were doped with 6wt.% Na2O and those for the as-received, respectively.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Plot of density as a function of Composition for Specimens Sintered at 1500 oC for 8hrs. 
 
 
 
 
The prominent black spots in Figures 4.2a-d are porosity.  The actual 
microstructure is seen to comprise white needles/laths within the matrix materials which 
are difficult to resolve using optical microscopy.  However, it is clear that there are more 
needles in samples doped with 5wt.% Na2O (Figures 4.2b) than in the samples that were 
doped with 4wt.% Na2O (Figures 4.2a).  Furthermore, samples doped with 6wt.% Na2O 
had an even higher lath/needle content (Figure 4.2c).  In contrast, optical microscopy did 
not reveal any white lath/needles in the as-received (un-doped) samples (Figure 4.2d).  
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There was also no perceivable difference between the microstructures of samples that 
were doped with Na2O (Figure 4.2a-c) and those that were doped with Na2O and 
0.5wt.%CaO (Figure 4.3a-b), as long as the Na2O content was the same.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Microstru
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 Porescture of sillmax samples (a) doped with 4wt.% Na2O, showing tiny white 
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Figure 4.3 Microstructure of sillmax samples (a) doped with 4wt.% Na2O + 0.5wt.%CaO, at a 
magnification of 200x showing tiny white needles and porosity (black spots) in a hardly resolvable 
matrix (b) doped with 5wt.% Na2O + 0.5wt.%CaO at a magnification of 200x, notice also the increase 
in the quantity of the white needles/laths. 
 
 
 
 
4.1.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
Analyses  
 
4.1.3.1.  As – Received Sillmax 
 
Figures 4.4a-d show the microstructures of the undoped Sillmax at different 
magnifications.  Inter-connected porosity is apparent at lower magnification (Fig 4.4a).  
However, when view at higher magnification (Figure 4.4b), there is evidence of sintering 
within some of the pores, where Aluminum rich particles are seen to be embalmed by a 
silicon rich glassy phase.   
 
(a) 
(b) (c) (d) 
(a) 
(b) (c) (d) 
(b) 5µm (a) 5µm 
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The bulk of the microstructure essentially comprises of mullite in a glassy matrix 
(Figures 4.4c-d).  This observation is supported by the semi – quantitative EDS 
compositional analysis at specific points, X for mullite (Figure 4.2e) and Y (Figure 4.4f) 
for the glassy phase.  Typically in mullite, which is a solid solution of Aluminum oxide 
and silicon oxide (3Al2O3. 2SiO2), Aluminum content is greater than silicon content.  In 
contrast, in the glassy phase, the EDS spot analysis reveals that the silicon content is 
marginally greater than the Aluminum content.  Elemental mapping of the surface 
(Figure 4.5) gives a more representative picture of the spatial distribution of the key 
elements, that is; silicon and Aluminum.  In these maps, silicon is seen to be clearly 
dominant in the glassy matrix while Aluminum is more concentrated in the mullite.   
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Figure 4.4 Surface morphology of the as-received sintered sillmax after polishing showing porosity, 
(b) evidence of sintering inside some of the pores, (c) general microstructure comprising mullite in a 
silica-rich matrix, (d) same microstructure at higher magnification, (e) spot analysis of position X 
and (d) spot analysis of position Y.   
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Figure 4.5 Map showing the spatial distribution of sodium, calcium, oxygen, silicon, aluminum and 
iron in the as received Sillmax material.  Notice the dominance of aluminum over silicon in the 
mullite and vice versa for the glassy phase.   
 
 
4.1.3.2.  Sillmax doped with 4%Na2O and Sillmax doped with both 
4%Na2O and 0.5%CaO 
 
 
Representative microstructures of the Sillmax material that was doped with 
4wt.%Na2O are presented in Figures 4.6a-d.  The low magnification image (Figure 4.6a) 
shows a reduced level of porosity, compared to that in the un-doped Sillmax material 
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(Figure 4.3).  The details of the actual microstructures are only resolvable at higher 
magnification.  The microstructure consists largely of mullite in a silicon rich glassy 
matrix (Figures 4.6b and 4.6c).  However, there are some zones (Figure 4.6d) where 
instead of mullite, some laths and/or particles are seen to precipitate in the glassy matrix.  
The same zones were identified as small white needles or laths by optical microscopy 
(Figure 4.2a-b).  In selected areas, surface rupture or tearing occurred on or around these 
laths.  EDS spot analysis on the laths (Figure 4.6e) revealed that their Aluminum content 
is very high (much more than that of mullite).  It is logical to conclude that these laths are 
some kind of Aluminum oxide.  The glassy matrix surrounding the laths is typically rich 
in silicon (from the silicate) as shown by the analysis at spot N (Figure 4.6f).  The spot 
analysis also reveals that sodium segregates to the glassy matrix.   
 
Figures 4.7a-b show the microstructures obtained when Sillmax is doped with 
both 4wt.%Na2O and with 0. 5wt.%CaO.  The addition of 0.5wt.%CaO does not 
significantly alter the microstructures.  As is the case with samples doped with only 
4wt.%Na2O, the microstructure consists mostly of mullite in a glassy matrix, and patches 
where Aluminum rich laths have precipitated within the glassy matrix.  The 
microstructures of these two zones are best illustrated by EDS mapping as shown in 
Figures 4.7c and 8.  Figure 5.7c shows the EDS map for the mullite rich zone, while 
Figure 4.6 is the equivalent map in regions where Aluminum rich laths have precipitated 
out.  In the mullite zone (Figure 4.7c), Aluminum dominates over silicon, the reverse 
being true in the glassy matrix surrounding the mullite.  It is also clear from Figure 4.7c 
that although the mullite laths are Aluminum rich, silicon is also present in significant 
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amounts.  This is consistent with mullite (3Al2O3.  2SiO2) being a solid solution of 
alumina and silica.  In contrast, no significant amounts of silicon are detected in the 
Aluminum rich laths, as shown in Figure 8.   
      
                                                                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   
   
Figure 4.6 (a) General microstructure of sillmax doped with 4wt.% Na2O, some porosity, (b) two 
different microstructures in zones were mullite and aluminum rich needles are present, (c) 
microstructure of zone comprising mullite in a silicon rich glassy matrix (d) microstructure in zones 
were alumina rich particles precipitated, (e) spot analysis of position M, an aluminum rich particle 
and (d) spot analysis of, position N, in the silicon rich matrix.   
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Figure 4.7 Microstructure of sillmax doped with 4wt.%Na2O and 0.  5wt.%CaO, (a) showing 
porosity, mullite and alumina rich laths (b) same microstructures at higher magnification (c) 
compositional maps in the predominantly mullite zones. 
 
(a) (b) 
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Figure 4.8 Map showing the spatial distribution of sodium, calcium, aluminum, silicon and oxygen in 
the region where aluminum rich particles have precipitated out.  These laths are seen to be extremely 
low in silicon.  On the other hand, the glassy matrix surrounding these needles has high silicon 
content.   
 
 
 
4.1.3.3.  Sillmax doped with 5%Na2O and Sillmax doped with both 
5%Na2O and 0.  5%CaO 
 
Figures 4.9a-b show the microstructures of Sillmax doped with 5wt.%Na2O, 
while Figures  4.9b-c show the microstructures of the material doped with both 
5wt.%Na2O and 0.5wt.%CaO.  The chemical composition of the phases is shown in 
Figures 4.9e and f for the silicon rich matrix and Aluminum rich laths, respectively.   
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Figure 4.9 (a) Microstructure of sillmax doped with 5wt.% Na2O showing aluminum rich laths in a 
silicon rich glassy matrix (b) same microstructure at a magnification of X2000, (c) microstructure 
sillmax doped with 5wt.% Na2O and 0.  5wt.%CaO, showing aluminum rich laths in a silicon rich 
glassy matrix, (d) same microstructure at higher magnification, (e) spot analysis of position O, in the 
silicon rich glassy phase and (d) spot analysis of an aluminum rich particle, position P.   
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It is clear from Figures 4.9a-d that doping with 5wt.% Na2O profoundly changes the 
microstructure compared to doping with lower levels of Na2O (≤ 4 wt.%Na2O).  
Extensive precipitation of needles/laths, within a glassy matrix, seems to be favored over 
the formation of mullite.  This observation is consistent with the optical microscopy 
observations on the same samples (Figure 4.2c-d).   Some of the laths/needles are 
evidently ruptured.  Once again, EDS analysis of microstructure revealed that the glassy 
matrix was silicon rich (Figure 4.9e) while the laths/needles had a high Aluminum 
content (Figure 4.9f).  Sodium and calcium are also shown to partition preferentially to 
the glassy matrix.   
 
 
 
4.1.3.4.  Sillmax doped with 6wt.%Na2O  
 
Figures 4.10a-d show the microstructures of the Sillmax material doped with 6 
wt.% Na2O.  A widespread precipitation of the Aluminum rich laths is observed within 
the glassy matrix (Figures 4.10a-b).  With the exception of the Sodium content, the EDS 
analysis of the laths (Figure 4.10e) and matrix (Figure 4.10f) revealed that the lath and 
matrix chemistries were similar to those of the other doped samples discussed previously.  
Furthermore mapping the area shown in Figure 4.10d, comprising the laths and the glassy 
matrix, a clear image of the spatial distribution of the constituent elements (Aluminum, 
silicon oxygen and sodium, calcium and iron) emerges.   
 
Raising the Na2O additions to 6wt.% seems to further suppress the formation of 
mullite in favor of the aluminum rich laths (Figures 4.11a-e).  Classically in the Sillmax 
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doped with 6wt.% Na2O, massive precipitation of these aluminum rich laths (Figure 
4.11a-b) within a silicon rich glassy matrix is observed.  The interface between the 
aluminum rich needles and the silica rich glassy matrix is also seen to be ruptured in 
some of the areas.  By mapping the area shown in Figure 4.11b, comprising the laths and 
the glassy matrix, a more vivid image of the spatial distribution of the elements 
aluminum, silicon oxygen and sodium, calcium and iron within these phases emerges.  
Figure 4.11e shows the resultant compositional maps, while Figures 4.11d-e depict the 
composition at a specific locations.  Both tests show that the laths are classically rich in 
aluminum while the glassy matrix is predominantly silicon rich. 
 
The microstructural characterizations using SEM and EDS have shown that when 
the Sillmax powder is doped with Na2O, there is a progressive change in the resultant 
microstructures as the Na2O additions are raised.  The un-doped material exhibits a 
microstructure of mullite in a glassy matrix.  At a 4wt.% Na2O, the bulk of the 
microstructure is still mullite, but islands of aluminum rich laths in a glassy matrix are 
also seen to form.  Finally when the Na2O addition is further increased to 6wt.%, massive 
precipitation of the aluminum rich laths in a glassy matrix is seen to be favored at the 
expense of mullite formation.  It can be anticipated that these changes in microstructure 
should have significant bearing on the properties of these materials, not least of which is 
the thermal shock resistance. 
    
 
 
 
 
 
(a) (b) 
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Figure 4.10 (a) General microstructure of sillmax doped with 6wt.% Na2O, (b), (c) and (d) same 
microstructure at higher magnifications showing massive precipitation of aluminum rich laths in a 
glassy matrix (e) spot analysis of position Q, an aluminum rich lath and (f) spot analysis of the glassy 
matrix, position R, which is seen to be rich in silicon. 
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4.2. Fracture toughness 
 
Figure 4.12 shows the fracture toughness values obtained for the different 
samples.  It can be seen that samples doped with both 4wt.% Na2O and 0.5wt.% CaO had 
the highest fracture toughness value (1.58MPa√m) closely followed by those doped with 
only 4wt.%Na2O.  The as-received Sillmax material had a fracture toughness value of 
1.17MPa√m, which was only marginally higher than that of samples doped with 6wt.% 
Na2O.  This trend could possibly be influenced by two main parameters, namely porosity 
and microstructure.  The interconnected porosity observed in the as-received material can 
be expected to reduce the fracture toughness.  The role of the microstructure is much 
more complex; however, some useful insights can be obtained from the SEM and EDS 
studies.  
 
When the morphology of the fractured surfaces is studied by scanning electron 
microscopy and EDS, some salient features emerge.  The fracture surface of the as-
received Sillmax is observed to have “pebble beach” type morphology (Figure 4.13a-b).  
An identical morphology is observed in samples doped with 4wt.% Na2O (Figure 4.13c-
d).  The fracture surface morphology observed in both the un-doped and 4wt.%Na2O 
doped Sillmax, seems to indicate a “tortuous” crack path.  EDS mapping of the fracture 
surface of the samples doped with 4wt.% Na2O + 0.5%CaO (Figure 4.14) reveals that this 
pebble beach type of morphology comprises aluminum and silicon, with the former 
dominating.  This is consistent with the mullite microstructure observed in these samples.  
Quite interestingly, the EDS mapping is able to detect the silicon rich glassy phase 
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occurring in the bottom right hand corner of the fracture surface shown in Figures 4.13d 
and 4.14.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 Plot of Fracture toughness as a function of comp
for 8hrs. 
 
 
 
 
 
 
 
 
 
 
 osition for specimens sintered at 1500oC 
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Figure 4.13 Fracture morphologies of (a, b) as-received sillmax, (c, d) sillmax doped with 
4wt.%Na2O + 0.5wt.%CaO, and (d, e) sillmax doped with 6wt.%Na2O. 
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Energy, igure 4.14 EDS mapping of fracture surface and associated energy spectrum for sillmax doped with 
 wt.% Na2O + 0.5wt.CaO.  A silicon rich glassy phase to which sodium (from the Na2O added) has 
artitioned can be seen.  Otherwise the bulk of the fracture surface in the mullite zone (rich in 
luminum) shows a pebble beach type morphology, which suggests a tortuous crack path. 
When 5 - 6wt.% Na2O is added, the fracture surface is apparently different from 
hat observed in the un-doped Sillmax and samples doped with 4wt.%Na2O.  Typically in 
amples doped with 6wt.% Na2O the fracture surface is seen to be glassy and brittle 
Figures 4.14f and 4.15).  The crack path seems to be determined by the random 
rientation of the aluminum rich laths (Figures 4.14f and 4.15).  There are two 
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possibilities on how these aluminum rich laths could define the fracture surface.  One is 
that if they are ruptured along their length, a phenomenon that has been shown in Figure 
4.11, they could provide a low energy path for the crack to follow.  If they are not 
ruptured, they could resist the crack propagation in a many that it could be easier for the 
crack to run along their length.  Either way, the preferred path for the crack seems to be 
along the edge of these aluminum rich laths.  
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Energy, gure 4.15 EDS mapping of fracture surface and associated energy spectrum for sillmax doped with 
wt.% Na2O.  The fracture surface can be seen to be faceted, indicative of brittle fracture.  The 
uminum rich laths seem to define the facet. 
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4.3. Flexural Strength (cold modulus of rupture) 
 
Figure 4.16 shows a plot of flexural strength as a function of composition for 
specimens sintered at 1500 oC for 8 hrs.  It is apparent from this figure that the specimens 
doped with 4wt.% Na2O with or without addition of CaO have a relatively higher flexural 
strength at room temperature compared to the un-doped Sillmax and specimens doped 
with 5 – 6wt.% Na2O.  This may be attributed to high levels of porosity in the as-received 
specimens and massive formation of brittle glassy matrix in samples doped with 5 – 
6wt.%Na2O, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 Modulus of rupture as a function of composition fo
hrs. 
 r specimens sintered at 1500oC for 8 
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4.4. Cold Thermal Shock 
 
The number cycles to failure, Nf, for various specimens sintered at 1500oC for 8 
hrs and thermally shocked are shown in Figure 4.17.  Samples doped with 4wt.%Na2O + 
0.5wt.%CaO has better thermal shock resistance compared to the rest of the specimens.  
When the fracture surfaces of the thermally cycled samples where studied by SEM and 
EDS a bridging phenomena was observed in the samples to varying extents.  Figure 4.18 
shows a representative set of photomicrographs depicting bridging ligaments in samples 
quenched from 1350oC.  Two forms of bridging are seen to be operational, one by 
seemingly viscous ligaments (Figure 4.18a-c), and the other by lath like particles (Figure 
4.18d-f).  While the former was observed in all samples, the later form of bridging is only 
confined to samples doped with 4 - 6wt.%Na2O.  Figure 4.18c shows that the bridging by 
the viscous phase in samples doped with 6wt.%Na2O is relatively thin and easily 
ruptured.  This may be one of the reasons why the number of cycles to failure in samples 
doped with 6wt.%Na2O is lower than that of samples doped with 4wt.%Na2O + 
0.5wt.%CaO (Figure 4.17).   
 
Both the viscous and lath like ligaments were exhaustively characterized by the 
SEM and EDS to determine their chemistry.  Figures 4.19 and 4.20a show the EDS 
compositional maps and spatial distribution of the elements (Na, Al, Si, O, Fe and Ca) in 
an area with a viscous bridge ligament in the un-doped sample and that of a specimen 
doped with 4wt.%Na2O + 0.5wt.%CaO, respectively.  The viscous ligaments are shown 
clearly to be rich in silicon; therefore, by inference these ligaments should be SiO2 based.  
In Figure 4.20b the lath - like bridging ligament observed in the sample doped with 
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5wt.% Na2O is mapped, this ligament is conspicuously high in aluminum and quite low 
in silicon.  It is reasonable to conclude that this ligament is Al2O3.   The effectiveness of 
this type of ligaments is however dented by the fact that the samples with 5wt.%Na2O 
which exhibited this type of ligament still have a relatively low thermal shock resistance.  
This may possibly be due to the rupturing at the lath – glassy matrix interfaces which 
were observed in these samples (Figure 4.11). 
 
Figure 4.17, which has been previously presented shows another interesting 
phenomenon that irrespective of the samples composition there are three distinct regimes 
of shock lives (Nf) demarcated by the temperature, T.  The first regime occurs in the 
temperature range 1100oC – 1200oC.  The second and third regimes occur in the 
temperature ranges 1200oC – 1350oC, and 1350oC – 1400oC respectively.  In the first 
regime, the number of cycles to failure, Nf is generally higher and decreases rapidly as 
the temperature is raised from 1100oC – 1200oC.  In the second regime (1200oC – 
1350oC), the number of cycles to failure, Nf, marginally decreases with an increase in 
temperature.  In the final shock regime (1350 oC – 1400oC), the number of cycles to 
failure, Nf, markedly falls as the temperature increases.   
 
The number of cycles to failure can be anticipated to be dependent on the crack 
tip stress intensity factor, Ktip (mode I).  In the presence of active bridging, McNaney et 
al. [20] has proposed that the Ktip can be mathematically calculated from Equation 4.  
batip KKK −=    
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where aK  is the far field stress intensity factor arising from the transient stresses set up 
by thermal shocking and hence dependent on ∆T, and bK  is the bridging stress intensity 
factor, if bridging is operative.  The SEM studies of thermally cycled samples has shown 
the presence of bridging ligaments (Figure 4.18) and these can be expected to have a 
positive influence on the thermal shock behavior of the samples.  For example, in the 
temperature range 1200 oC to 1350 oC, despite an increase in aK  (due to a progressive 
increase in ∆T), the number of cycles to failure, Nf, (Figure 4.17) does not significantly 
fall.  This clearly shows the positive role played by viscous bridging. 
   
 104
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17 Number of cycles to failure of specimens sintered at 1500oC for 8 hrs as a function of temperature difference, ∆T. 
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Figure 4.18 Evidence of viscous bridging ligaments in (a) as-received sillmax, (b) sillmax + 
4wt.%Na2O + 0.5wt.%CaO, (c) sillmax + 6wt.%Na2O, and (d), (e), and (f) lath-like ligament in 
sillmax + 4wt.%Na2O, and sillmax + 5wt.%Na2O, respectively. 
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Figure 4.20 (a) EDS map of bridging by a silicon rich ligament in Si
CaO, and (b) aluminum rich ligament in sillmax + 5wt.% Na2O. 
 llmax + 4wt.%Na2O + 0.5wt.% 
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4.5. Cold Thermal Shock 
 
4.5.1. Introduction 
 
The above results suggest that viscous bridging by glassy phases provides an 
effective mechanism for the shielding of crack tips from transient stresses due to thermal 
shock.  On this basis, a holistic study culminating into the development of a model of the 
role of viscous ligaments bridging in the temperature range 1100oC – 1400oC has been 
undertaken.  From Equation 4, which states that batip KKK −= , it follows that if values 
of Ka (the crack driving force) and Kb (the bridging stress intensity) are known, the crack 
tip stress intensity, Ktip, can then be computed.  In the current work, the approximate 
values of Ka and Kb are determined using equations proposed by Lu and Fleck [16] and 
McNaney et al. [20], respectively.   
 
4.5.2. Crack Driving Forces 
 
Lu and Fleck [16] have modeled the effects of transient thermal stresses on the 
growth of edge cracks (that initiates from the surface and extend inwards) under thermal 
shock.  They proposed the following expression (Equation 5) for the stress intensity 
factor of edge cracks subjected to thermal shock under down quench conditions: 
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where, ( ) ( )TEHTTEHK ∆=−=
∞
απαπ 00 , H is half height of the brick, Ē is the 
average Young’s Modulus, α is the average thermal expansion coefficient over the shock 
temperature range, and T∆ is the  change in brick temperature.  Functions ( )HaHZF ,1  
and ( )tHZ ,σ  are non-dimensional expressions for the estimation of the thermal stress.   
 
           In addition, Lu and Fleck [16] have shown that the maximum stress intensity 
factor (Kmax) in down-quenched samples, which is equivalent to Ka can be represented by 
Equation 6: 
 
1
00
max 12.21222.0
−



+==
BiK
K
K
K a        (6) 
       
 
where: Bi is the Biot number (given as k
hHBi =  ), h is the heat transfer coefficient and  
k is the thermal conductivity.  In the current study Equation 6 is used to estimate the 
maximum stress intensity factor due the thermal transient stress arising from the thermal 
shock. 
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4.5.3. Crack – Tip Shielding 
 
Having estimated the maximum applied stress intensity factor Kmax as a result of 
the down quench the next attempt is to estimate the Kb arising from the presence of 
viscous bridging ligaments.  For this purpose, McNaney et al. model is used.  The 
shielding was due to crack bridging via the viscous response of a grain boundary phase, 
as illustrated in Figure 4.21.  The bridging forces are transmitted across the crack via the 
shear resistance, τ, of the grain boundary phase.  The model provides a good idealization 
of the bridging observed.  Ignoring specimen geometry and considering a semi-infinite 
specimen, the shielding due to crack bridging, Kb, is given by [20]: 
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where lb is the length of the bridging zone, x is the distance from the crack tip, and the 
bridging stress, p(x), is given by: 
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 where Af  is the area fraction of active bridging elements, η is the viscosity of the 
bridging elements, ν(x) = 2 du(x)/dt = 2 &u (x), is the velocity of the grain (positive moving 
downward with the grain stationary), d is the height, h is the thickness, and λd  is the 
width of the bridge (Figure 4.21).  For simplicity, assuming a parabolic crack opening 
profile for the displacement u(x), and small values of u(x) compared to the grain height, 
d, the time dependent crack tip stress intensity factor, Ktip(t), then given by [20]: 
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where Ka(t) is the applied stress intensity factor, and β is the bridge parameters given by: 
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The variables in Equation 10 have their usual meaning.  E* is the average Young’s 
modulus, (E* = E) for plane stress, and E* = E/(1-ν2 ) in plane strain, where, ν is the 
Poisson’s ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21 Schematic illustration of idealized viscoelastic bridging (Adapted from Ref. 20). 
 
x
Velocity 
Gradient
τ 
Bridging Ligament 
G
la
ss
y 
Ph
as
e τ
 
Remote Thermal 
Bridging Ligament Glassy Phase
Remote Thermal 
 
lb
Crack 
2 u(x) 
 112
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22 Far field, crack tip, and bridging stress intensity factors as a function of shock temperature difference, ∆T for the as-received 
specimens, specimens doped with 4wt.%Na2O + 0.5wt.%CaO, and specimens doped with 6wt.% Na2O, respectively. 
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With the values of Ka and Kb having been established using the above equations 
the crack tip stress intensity factor, Ktip was calculated using Equation 4.  Figure 4.22 
summarizes the approximate variation of Kmax, Kb and Ktip with temperature, ∆T for as-
received, 4wt.%Na2O + 0.5wt.%CaO, and 6wt.% Na2O, respectively.  The figure shows 
that Kb attains the maximum values in the shock temperature difference of 1200 oC – 
1350oC before significantly decreasing as ∆T is raised to 1400 oC.  This observation is 
consistent with the experimental results that samples quenched from this temperature 
range had improved thermal resistance (Figure 4.17).  Evidently, higher values of Kb are 
and lower values of Ktip were obtained in samples doped with 4wt.%Na2O + 0.5wt.%CaO 
compared to the other samples subjected to the same experimental conditions.  This could 
be the main reason for their relatively superior thermal shock resistance. 
 
 
4.5.4. Implications 
 
 
The implications of the above results are significant for the design of high 
temperature refractory ceramics that are resistant to thermal shock.  First, they suggest 
that viscoelastic crack bridging provides an effective mechanism for the design of bricks 
that are resistant to thermal shock.  In the case of the pure aluminosilicate brick, which is 
currently used in service [8], the current work shows that significant improvements in 
brick life (Figure 4.17) can be achieved by appropriate Na2O additions.  These 
improvements are largely attributed to the crack - tip shielding by viscous glass phases.   
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Since Na2O additives change the viscosity – temperature characteristics of the bricks, 
they provide an effective means of controlling the overall shear resistance that is provided 
by the glass phase.  The shear resistance is one of the critical parameters in expressions 
for the bridging stress, p(x), given by Equation 8.  The bridging stress is also strongly 
dependent on the area fraction of bridging elements, Af, and microstructural parameters 
such as the platelet dimensions (h, d, λd) and the width of the glassy phase, δ (Figure 
4.21).  Hence, the overall shielding due to viscous bridging can be controlled by the 
addition of materials that promote increased p(x) through their influence on viscosity, 
bridging area fraction and microstructure. 
 
The initial estimates of shielding obtained from the current study suggest that the 
addition of ~ 4 wt. % Na2O is close to the optimal level for Na2O additions between 4 
and 6 wt.%.  However, further work is needed to explore the influence of other material 
additions that can significantly alter the viscosity – temperature characteristics, as well as 
the bridging and microstructural parameters.  There is also a need to develop self – 
consistent formulations for the estimation of the tractions due to viscous bridging under 
thermal shock.  Such formulations should provide a more global representation of the 
effective bridging tractions in which the displacement distribution is self – consistent 
with the corresponding traction distributions [20].  These are clearly the challenges for 
the future work. 
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CHAPTER 5. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 
 
 
 
 
In this chapter, the results of a combined experimental and theoretical study of the 
effects of Na2O and CaO additions on the thermal shock resistance of an aluminosilicate 
refractory ceramic are summarized.  Salient conclusions arising from the work are 
presented below.  In addition, recommendations for future work on toughening of Sillmax 
are presented as the closure of the report. 
 
5.1.  Summary of Research Results 
 
The optical microscopy, SEM and EDS analyses provide some clear insights into 
the effects of doping the Sillmax powder with Na2O and CaO.  There is clearly a 
progressive change in the microstructures as the content of Na2O is increased.  Before 
doping with Na2O, the microstructure of the Sillmax material consists of mullite 
laths/needles interspaced by a silicon rich glassy matrix.  When doped with 4wt.% Na2O, 
with or without 0.5wt.%CaO, two distinct microstructures emerge.  In most of the 
material, mullite laths are present in a glassy matrix – a microstructure not unlike that 
observed in the un-doped material.  However, in isolated patches, Aluminum rich laths 
are observed within a glassy matrix.  The chemistry, as determined by EDS spot analysis 
and mapping, shows clearly that these laths are not mullite.  However, as can be 
anticipated, sodium is seen to partition to the glassy phase.  
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Increasing the Na2O additions to 5wt.% and 6wt.% suppresses the formation of 
mullite in favor of Aluminum rich laths in a glassy matrix.  The volume fraction of 
Aluminum rich laths also increases significantly with increasing Na2O content (between 
5 and 6wt.%).  Furthermore, the interface between the alumina rich needles and the silica 
rich glassy matrix is ruptured in selected areas.  However, it is currently unclear whether 
the rupturing is due to differences in coefficients of thermal expansion, which induces 
interfacial stresses as the sample is cooled from the sintering temperature to room 
temperature, or it is simply due to sample preparation by grinding and polishing.  In any 
case, the rupturing suggest that the interfaces are relatively weak in the materials that 
were doped with 5 and 6wt.% of Na2O. 
 
The addition of 4-6 wt% Na2O significantly improves the number of shock cycles 
to failure.  The greatest improvement was observed in the specimens containing 4 wt% of 
Na2O.  The specimens containing 6 wt% Na2O had thermal shock resistance that was 
better than that of the as-received bricks, and almost comparable to that of the 4wt.% 
Na2O bricks. 
 
The number of shock cycles required to initiate cracks was similar in the 4 and 6 
wt% bricks.  Cracks generally initiated after 1-2 cycles in the undoped bricks.  In the case 
of the doped bricks, the number of initiation cycles was about half of the number of 
cycles to failure.  Doping with Na2O, therefore, improved the shock initiation lives of the 
bricks. 
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The crack propagation resistance of the doped bricks was also improved 
significantly by Na2O additions.  The improved resistance to crack propagation is 
attributed to grain/viscoelastic crack bridging under thermal shock conditions, which was 
modeled within a fracture mechanics framework.  The shielding estimates obtained from 
this model suggest that the addition of 4wt.% Na2O provides near - optimal toughening 
for the range of Na2O additions (4 – 6wt.%) and shock temperature ranges (~ 1000 – 
1400 oC) that were examined in this study. 
 
5.2. Recommendations for Future Work 
 
 
As explained earlier in the microstructural analysis section of this report, samples 
that were not doped contained interconnected pores, while those doped had isolated 
pores.  The effects of porosity on thermal shock damage needs to be investigated.  
Porosity can be optimized via shape and size control.  The shape of porosity can be 
controlled, for example, by starch consolidation [98].  An etherficated potato starch 
modified by hydroxyl-propylation and cross linking was used to control the shape and 
size of porosity in ceramic samples.  It was shown that increasing the amount of starch 
added to the starting powder increases the pore volume.  In addition, the use of 
fractionised starch, MICROLYS, tended to produce smaller average pore size and 
spherical pore shape due to smaller starch particle. 
 
Hot isostatic pressing (HIP) can be used to significantly reduce porosity [99].  
HIP is also known to make net-shape forming possible due to pressure being applied 
equally from all directions.  With this method of compaction of the starting powders, 
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which utilizes higher pressure and temperatures, a more complete densification can be 
achieved, but a much higher production cost will be faced. 
 
The quantity of CaO doping should be studied to assess an optimum concentration 
which would impart greatest strength to the bridging ligament in the wake of the growing 
crack.  An increase in hot modulus of rupture of Al2O3 – spinel castables as a function of 
increase in CaO content has been documented by Chan and Ko [100].  
 
Different toughening mechanisms need to be explored.  A combination of several 
toughening mechanisms could improve the toughness of Sillmax material.  Addition of 
ductile metals could promote crack-tip blunting.  Similarly, crack trapping could be 
encouraged by doping with hard particles. 
 
 Finally, a self consistent modeling needs to be carried out for the calculation of 
the stress intensity factor resulting from the bridging characteristics. 
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